Dryland soils store approximately 10-15% of the world's soil organic matter (SOM) to 1 m.
Introduction 6 110 concern [43,44]. Prior to the 2015 downturn in drilling, it was estimated that up to 20,000 111 additional wells could be drilled in Wyoming by 2018 [45] , resulting in extensive impacts to big 112 sagebrush ecosystems in addition to those already occurring.
113
In this study we investigate how indicators of soil organic matter recovery differ over a 114 chronosequence of sites disturbed between 7 and 91 years ago and seek to relate differences 115 between these indicators for pairs of wellpads and undisturbed sites to reclamation activities. The 116 goal of our study is to better understand how reclamation associated with oil and gas 117 development affects carbon and nitrogen pools, as both carbon and nitrogen contribute heavily to 118 soil organic matter. We have designed our study to answer 2 key questions:
119 1) How do wellpads differ from undisturbed areas with regard to carbon and nitrogen 120 pools, and how do those differences change over time since wellpad abandonment?
121 2) How does reclamation influence differences between wellpads and undisturbed areas, 122 and are these influences the same for C and N associated with coarse, fine, and silt-clay 123 size soil particle classes?
124
We predicted that there would be little to no difference in coarse-associated C and N 125 between wellpads and undisturbed plots, and that differences would increase as soil particle size, 126 and therefore time to recovery after disturbance, decreased. We also predicted that the 127 differences between wellpads and undisturbed plots would be smaller for unreclaimed wellpads 128 than reclaimed wellpads due to reduced soil handling post-abandonment on unreclaimed 129 wellpads. Overall, we expected to find the smallest differences in the coarse-associated C and N 130 pools between unreclaimed wellpads and undisturbed sites, and the largest differences in the silt-131 clay-associated C and N pools between reclaimed wellpads and undisturbed sites. 145 consultants, we designated wells plugged after 1983 as reclaimed (an effort was made to restore 146 the site to its previous condition), and those before 1983 as unreclaimed (no attempt at 147 restoration to initial conditions was made). We chose the cut-off date of 1983 because this was
148 the year that reclamation was first mandated and enforced in Wyoming, and therefore the earliest 149 we could expect reclamation to have occurred. In addition to the 1983 cut-off date, we sought 150 physical evidence of reclamation occurring or not occurring. Because respreading topsoil was 151 not required before reclamation was mandated, soil removed to level the sites was frequently left 152 along one side of the wellpad when it was abandoned. These berms were still apparent on pre- After we returned soil samples to the lab, we air-dried them and passed each through a 2 180 mm sieve to remove roots, leaves, and rocks. Each sieved sample was first analyzed for total C 181 and N, and subsequently for C and N associated with three particle size classes: coarse (>250m;
182 least recalcitrant), fine (250-53m; intermediately recalcitrant), and silt-clay (<53m; most 183 recalcitrant). We then composited 50 g of each sample by location and depth within each plot, 184 resulting in 1 sample/depth/location/plot, or approximately 266 samples in total (7 per plot). We 185 conducted texture analyses on the composited samples using Gee and Bauder's hydrometer
187
To separate soils into these size classes, we used a size fractionation method [10,48].
188 Composited soil samples were submerged in de-ionized water on a 250 m sieve and allowed to 189 sit for 2 minutes. They were then sieved for 2 minutes, during which the screen of the sieve was 190 raised and lowered 50 times, and any material left on the screen was transferred to a tin for 191 drying. Material that passed through the sieve was poured onto a second sieve with a 53 m 192 screen and wet-sieved in the same manner as the first. We transferred the material on the sieve as 193 well as the material that passed through the sieve into separate tins and placed the tins in drying 194 ovens until all water had evaporated from the samples. We then homogenized the resulting dry 
204
We separated our soil data into two groups for analysis of treatment differences among 
220

Differences over time for C and N on wellpads and undisturbed plots 221
To test for effects of time and reclamation on C and N recovery, we subtracted the mass 222 of C or N on the wellpad from the mass of C or N on the corresponding undisturbed plot. We 223 then performed regression analyses to identify any significant relationships between time (years 224 since wellpad abandonment) and changes in the difference between wellpads and undisturbed 225 areas. We defined a decrease in the difference between the wellpads and undisturbed areas as a 226 trajectory towards recovery. We also performed regressions separately for each wellpad 227 treatment (reclaimed or unreclaimed) and used the slope of the regression to identify whether the 228 rate of recovery was greater on reclaimed than unreclaimed wellpads. We used the same 229 procedure to test for the effects of time and treatment on recovery of total NH 4 + NO 3 .
Results
C and N on wellpads vs. undisturbed plots 232
Plant location (under a shrub canopy, in the bare interspace between plants, or directly 233 under a bunchgrass mound) and treatment (undisturbed plot, unreclaimed wellpad, or reclaimed 234 wellpad), as well as their interactions, had the largest effect on soil carbon and nitrogen (Table   235 1). The mass of C or N was generally greater under canopies or on bunchgrass mounds than in 236 the interspace, and generally decreased with sample depth (Figure 2 ). Both layers of soil from 237 bunchgrass mounds contained significantly more N on undisturbed plots than they did on 238 wellpads, while the topmost layer of soil from interspaces had significantly less C on undisturbed 239 plots than it did on wellpads. Plant-available N as measured using the PRS probes did not differ 240 between sites or locations.
241 Table 1 : Percent of total variance in mass of carbon and nitrogen explained by predictor 242 variables in ANOVAs of data from 19 wellpad sites (Figure 3 ).
254 Figure 3 : Mass of C and N associated with three soil particle size fractions at two sampling 255 locations on reclaimed or unreclaimed wellpads and undisturbed plots. Significant differences 256 between groups are indicated by letters. Errors bars represent 1 standard error above and below 257 the mean. 258 259
There was significantly less C associated with both fine and silt-clay particles from 260 undisturbed plots than from wellpads. As particle size decreased, treatment became more 261 important in explaining mass of C, and plant location became less important in explaining mass 262 of both C and N (Table 1) . Nitrogen associated with silt-clay particles differed less with position 263 than did nitrogen associated with coarse or fine particles (Figure 3) . We found that the most important factors in determining soil C and N recovery were not 302 reclamation treatment but plant location, soil depth, and time since abandonment. Overall, there 303 was little difference in C and N between reclaimed and unreclaimed wellpads, which indicates 304 that reclamation did not have a positive or negative effect on the recovery of these carbon and 305 nitrogen pools or the SOM to which they contribute. Our prediction that differences between 306 treatments would be more pronounced in the silt-clay particle size than the coarse particle size 307 was not supported by our findings. Rather, the opposite occurred, with the largest amount of 308 variation in the coarse particle size and the smallest in the silt-clay particle size. In addition, 309 because there was very little difference between unreclaimed and reclaimed wellpads, we cannot 310 conclude whether treatment effects changed with increasingly fine particle sizes.
311
For both C and N, plant location decreased in importance with fineness of soil particle 312 size. Both C and N associated with coarse particle sizes were most sensitive to plant location, 
354
We found that disturbance resulted in lower N on wellpads than on undisturbed sites.
355 This is counter to the results of Avirmed et al. (2015) , who studied old, unreclaimed wellpads 356 that had not experienced respreading of stockpiled topsoil, and found no difference in soil 357 organic matter between those wellpads and adjacent undisturbed areas. More importantly, we 358 found that reclaimed sites were not different from unreclaimed sites, and most importantly, that 359 the rate at which they recovered over the time since they were abandoned was not significantly 360 faster relative to sites where reclamation was not attempted. This suggests that reclamation did 361 not cause a significant gain over natural processes where rate of recovery was concerned, with 362 important implications for oil and gas development across the sagebrush region. Successful 363 reclamation of a single wellpad has been estimated to cost $16,000-$17,000 . If the first effort is 364 not successful, subsequent attempts can cost an additional $20,000 to $40,000. The capital 365 investment represented by reclamation procedures necessitates that they minimize cost while 366 maximizing effectiveness. It is therefore important to better clarify which aspects of reclamation 367 lead to improved soil recovery, and which do not.
